ABSTRACT Glucose is a main metabolic substrate in the central nervous system (CNS). Recently, lactate has attracted renewed attention because it plays an important role in the CNS as a metabolic substrate between neurons and astrocytes. Lactate and lactate dehydrogenase (LDH), a key enzyme for lactate and pyruvate interconversion, have been investigated. The glycogen body (GB) is a gelatinous tissue in the dorsal area of the lumbosacral spinal cord in birds. It is composed of uniform cells with high glycogen storage and is thought to be in the astroglia lineage. In this article, we investigated the LDH enzyme activity in embryo GB (embryonic d 12, 14, 16, 17, and 18) and chickens. To detect the subtype of the LDH, mRNA expressions in GB were investigated and compared with those of cerebral cortex and spinal cord. By histochemical
INTRODUCTION
In the central nervous system (CNS), glucose is a main metabolic substrate supplied through the blood-brain barrier (Sokoloff, 1973) . It has been suggested that lactate plays an important role as an efficient metabolic fuel inside the CNS, which is produced by the glial cells and supplied to neurons (Walz and Mukerji, 1988; Hamprecht et al., 1993; Robinson et al., 1998; Magistretti et al., 1999) . As lactate emerges as an important metabolic fuel for neurons, the distribution of lactate dehydrogenase (LDH; EC 1.1.1.27) isozymes and its developmental changes in the CNS deserve further attention (Bittar et al., 1996; Pellerin et al., 1998; Waagepetersen et al., 1998; Tanaka et al., 2004) . Lactate dehydrogenase is the enzyme that catalyzes the interconversion of pyruvate and lactate and consists of 3 types of subunits from 3 distinct genes (LDH-A, -B, and -C). Lactate dehydrogenase-A and -B generate heterogeneous tetramers expressed in 5 different combinations (LDH-A4, -A3B1, -A2B2, -A1B3, and B4) through observations, LDH enzyme activity was detected in the cytoplasm of GB cells of all embryonic periods after embryonic d 12. In biochemical analysis, the enzymatic activities of the GB were higher than in the cerebral cortex. In the GB the subtype of LDH mRNA was LDM-B only, and in the cerebral cortex and spinal cord, the subtype of LDH mRNA was predominantly LDH-B, and a small amount of LDH-A was found in the chicken and embryo. The LDH-B mRNA expression in GB was detected during all periods of the study (after embryonic d 12). These observations suggest that GB expressed only LDH-B and that GB cells are not lactate-producing cells, like astrocyte, but rather are lactate-consuming cells, similar to neurons in CNS.
vertebrate tissues including in the CNS (Markert and Appella, 1961; Gerhardt-Hansen, 1968) . In somatic tissues, LDH-A gene products are expressed in the lactate-producing tissues, such as skeletal muscle, whereas aerobic tissues, such as the heart, predominantly express LDH-B gene products.
There have been many reports about the distributions of the LDH isozymes in the chicken (Lindsay, 1963; Fahimi and Amarasingham, 1964; Hultin and Southard, 1967; Melnick and Hultin, 1972) . In the 1960s, many developmental studies of LDH isozymes were undertaken in chickens (Cahn et al., 1962) . Tholey et al. (1981) observed LDH isozymes in cultured neurons and astrocytes of chicks. The LDH enzyme activity in the glycogen body (GB) has been reported in chicken (DeGennaro, 1974) and in turkey (Fried and Vossler, 1964) . However, the subtypes of the LDH are not defined. In mammals, LDH subunits are encoded by 3 LDH genes (LDH-A, -B, and -C; Markert et al., 1975) . The LDH-C gene has been reported only in pigeons (Zinkham et al., 1964) and not in chickens or reptiles (Mannen et al., 1997) .
The GB is an ovoid gelatinous mass located in the lumbosacral region of the spinal cord in birds (Watterson, 1949) . Glycogen body cells have a very high concentration of glycogen and contain glial fibrillary acidic protein (Jankaskova et al., 1988; Lee et al., 2001) . Developmentally, the GB appears as a periodic acid Schiff-positive cell cluster after about 7 to 8 d of incubation, and it increases in volume as elaborated large stores of glycogen after 15 d of incubation (Louis, 1959; Daniel, 1972) . Moreover, the periodic acid Schiff-positive cells arise from neuroepithelium that comprises the ependyma and roof plate of the avian lumbosacral spinal cord (Louis, 1993) . Thus, it is recognized that the GB cells are derived from a glial cell lineage and should be classified as specialized astroglial cells. However, the function of the GB cells is yet to be defined.
Astrocytes (member of the glial family) are a common cell type in the CNS. The classical view holds that the astrocytes are merely structural components. However, there is growing evidence that the critical roles of the cell function are defined as structural, metabolic, and trophic support to neurons. The glycogen of astrocytes is a major site of energy storage in the CNS and is important for axon function and survival during glucose deprivation (Wender et al., 2000) . The astrocyte processes are primary sites of glucose uptake from the circulation, which is processed to lactate and supplied to neurons by the astrocytes (Pellerin et al., 1998) .
Glycogen body cells contain several glycogenetic enzymes, and some differences between GB and astrocytes have been reported DeGennaro, 1974, 1981; Benzo et al., 1975; Fink et al., 1975) . We have reported (Lee et al., 2001 ) that the metabolic features of GB cells are different from those of telencephalon astrocytes. In the present study, we focused on LDH to define the presence of the LDH enzyme in chicken and embryo GB to determine which subtype of LDH is predominant in the GB.
MATERIALS AND METHODS

Materials
White Leghorn chick embryos and the male chickens (older than 6 mo) were used. The cerebral cortex, spinal cord, and GB were removed from the embryos between 12 and 18 d of incubation (E12, 14, 16, 17, 18) . In addition to the 3 tissues, we removed the kidney, liver, heart, and breast muscle from the chickens. All tissues were embedded in optimal cutting temperature compound (Sakura, Japan) and frozen in liquid nitrogen for histochemical analysis or stored in a freezer at −80°C until biochemical and mRNA analyses.
Histochemical Method
Cryosections of the cerebral cortex, spinal cord, and GB that were 6 m thick were prepared from 3 birds of each period. The sections were dried for 30 min, washed with 0.1 M phosphate-buffered saline (pH 7.4) at room temperature, and incubated for 10 min at 37°C with a reactant solution of sodium lactate, phosphate buffer, nicotinic acid adenine-dinucleotide, sodium nitrate, nitroblue-tetrazolium, and polyvinyl pyrrolidone (Barka and Anderson, 1963) . After the incubation, the sections were washed with distilled water, fixed with formalin, and mounted. Some sections were incubated in the reactant solution without sodium lactate as a negative control.
Biochemical Analysis
To detect overall activity of the LDH, samples were prepared by a modified method of Benzo et al. (1975) . In brief, the frozen cerebral cortex and GB of 3 to 5 birds from each period were sonicated in 0.1 M sodium citrate (pH 6.5) for 1 min at 4°C. The tissue aliquots were incubated for 10 min at 37°C in prewarmed reactant solution (described previously). After adding 0.1 N HCl, the LDH activity was measured with an ultraspectrometer (wavelength 560 nm; Ultraspec 1100 pro, Amersham, Buckinghamshire UK). A part of the aliquot was measured for protein content by the method of Lowry et al. (1951) . Data were presented as LDH enzyme activity in international units per microgram of protein. The experiments were done in triplicate, and all values were analyzed by Student's t-test.
RNA Extraction From Tissues
The frozen tissues from 5 to 10 birds for GB and from 3 birds for other tissues were homogenized in a homogenizer dipped in liquid nitrogen. Total RNA of each tissue was prepared with an EasyPrep RNA kit (Takara Biomedicals, Otsu, Japan) by the method recommended by the manufacturer. The quantity of RNA was calculated by absorbance at 260-nm wavelengths.
Reverse Transcription-PCR and PCR
Primers for LDH-A, -B, and β-actin (Table 1) were synthesized by a commercial vendor (Espec Oligo Service Corporation, Ibaraki, Japan). Probe DNA were synthesized by reverse transcription (RT)-PCR with RT-PCR beads (Amersham Bioscience) and by PCR with a Taq PCR Core Kit (QIAGEN, Hilden Germany). In brief, 0.1% diethyl pyrocarbonate solution (44 L), 20 pm each of forward and reverse primers, oligo dT primer (0.5 g), and 1 g of extracted RNA were mixed with the RT-PCR beads. Samples were incubated for 30 min at 42°C followed by 30 cycles of 5 min at 95°C, 1 min at 60°C, 3 min at 73°C, and 7 min at 72°C in thermocycler (PTC-1, MJ Research Inc., Waltham, MA). The RT-PCR products were mixed with PCR buffer, dNTP, Taq polymerase, and 20 pm of each primer (forward and reverse). Samples were incubated for 5 min at 94°C followed by 30 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C; and 5 min at 72°C. The cDNA sequences of the PCR products were determined by the dideoxy chain termination method with a DNA sequencer (ABI 3100 Genetic Analyzer, Lab Central B.V., Haarlem, The Netherlands).
Northern Blot
The extracted RNA (11 or 22 g) from each tissue was electrophoresed in a denaturing 1.3% agarose gel prepared with 20× 3-(N-morpholine) propanesulfonic acid (MOPS) and deionized formalin diethyl pyrocarbonate solution in a bath of MOPS. As a marker, 0.2 to 10-kb Perfect RNA Markers (Novagen, Darmstadt, Germany) were run in the same gel. After being washed with MOPS, the gel was stained with ethidium bromide. The RNA was transferred overnight to Hybond N membranes (Amersham Bioscience) in 20× standard saline citrate. The membrane was rinsed in 2× standard saline citrate and dried.
Hybridization
The PCR products were denatured by boiling for 5 min and were labeled with alkaline phosphatase using an Alkphos labeling and detection system (Amersham Bioscience). Hybridization was performed with the labeled PCR products overnight at adequate stringency temperatures estimated at 50°C for LDH-A, 57°C for LDH-B, and 62°C for β-actin. After being washed with 0.5 M phos- 
RESULTS
Positive reactions of LDH enzyme were detected as dark purple deposits on the section. Lactate dehydrogenase-positive cells were found during all study periods of the cerebrum and GB (Figure 1 ). In the cerebral cortex and spinal cord, the positive reactions of LDH were mainly detected on neurons with large round nuclei and abundant cytoplasm (Figure 1, panel A) . Many GB cells were LDH positive in the early stages (E12 and 14), when GB cells contained small amounts of glycogen. As development advanced, the GB cells increased their cytoplasmic glycogen content and formed a mesh-like framework. The positive reactions of LDH were restricted to around the nuclei and peripheral thin cytoplasm of GB cells in later embryonic periods (Figure 1, panel B) . In negative controls, no deposits were found on the sections.
Total enzyme activities of the GB were higher than those of the cerebral cortex in all developmental stages (Figure 2 ). In the cerebral cortex, LDH activity was stable in each period and increased slightly as development progressed. The GB showed almost similar LDH activities (Li) , kidney (Ki), and heart (He). The hybridization of each mRNA is done on the same blot sequentially after stripping. The LDH-A and LDH-B mRNA are detected between 1.5 and 2.0 kb and at less than 1.5 kb, respectively. Numbers at the left are mRNA sizes.
in the embryonic period except at E14, when the enzymatic activity was significantly higher than on other embryonic days.
The sizes of the PCR products used as probes were 293 nucleotides for LDH-A and 511 nucleotides for LDH-B, and the sequences were completely identical to the sequences of chicken LDH-A (GenBank, X53828) and -B (GenBank, BX929571).
Total RNA from each tissue were extracted with 2 clear bands of ribosomal RNA (Figure 3) . Lactate dehydroge- nase-A and lactate dehydrogenase-B mRNA signals were detected between 1.5 and 2.0 kb for LDH-A and below 1.5 kb for LDH-B in tissues of adult chickens that we examined (Figures 4 and 5) . Lactate dehydrogenase-A transcripts were predominantly detected in the breast muscle. Expressions of LDH-B transcripts were found in the heart, kidney, and liver. These 3 tissues also expressed LDH-A mRNA, which were relatively lower than LDH-B mRNA in the heart and kidney (Figure 4) . Lactate dehydrogenase mRNA in the adult cerebral cortex and spinal cord showed a pattern similar to that in the heart ( Figure  5 ). The LDH-B was predominant, and only a minor expression of LDH-A was detected in the cerebral cortex and spinal cord. The signal was weak in the adult GB, because an abundance of glycogen might have interfered with RNA extraction. Only the LDH-B transcript was detected in adult GB. Lactate dehydrogenase mRNA expressions in the embryo cerebral cortex and spinal cord are shown in Figure  6 . In the cerebral cortex and spinal cord, LDH-B mRNA were predominantly expressed in all study periods. The signals of LDH-B mRNA were relatively strong at E 14 and E16 in the cerebral cortex and the spinal cord. Lactate dehydrogenase-A mRNA was first detected as a weak signal at E14 and found after E14. In GB, as in the adult, only LDH-B mRNA was observed (Figure 7 ).
DISCUSSION
The present study revealed that the LDH enzyme and mRNA were expressed in chick embryo GB. The enzyme activity is higher than that of cerebral cortex during all embryonic periods. LDH-B is the only subtype of LDH in GB.
It is reported that LDH-A and -B showed similarities in their amino acid sequences and nucleotide sequences (Li et al., 1983) . In chicken, the similarity was 73.5% for amino acid sequences. To define the specificity of cDNA probes chosen in this article, sequencing of the probes and Northern blot analysis of some somatic tissues were performed. The detected mRNA were less than 1.5 kb for LDH-B and between 1.5 and 2.0 kb for LDH-A. The sizes and the expression patterns of mRNA were similar to those in a previous report that examined the isozymic pattern in chicken tissues using the same oligoprimers (Arias et al., 2000) . The breast muscle predominantly showed LDH-5 (A4) and only small amounts of additional isozymes (Lindsay, 1963) . In the present analysis of mRNA, LDH-A mRNA was predominant with only a minor appearance of LDH-B mRNA in breast muscle. The heart and kidney predominantly expressed LDH-1 (B4) and showed varying amounts of LDH-2, -3, -4, and -5 (Lindsay, 1963) . The identities of DNA sequences and similarities of mRNA expressions confirm the reliability of the present results obtained in the brain and GB.
Lactate, which is a substrate for LDH-B, maintains synaptic formation and sustains synaptic adaptation during hypoglycemia in the mammal hippocampus (Schurr et al., 1988; Sakurai et al., 2002) . In the chick forebrain, synapse formation peaks at E15 (Sedlacek, 1972) . The mRNA expression in the embryo cerebrum might reflect the active transcription of LDH-B for synapse formation in the chick cerebrum.
Although the GB function remains unknown, because of its high glycogen content, it is assumed to act as a nutrient reservoir in chicken CNS (Smith and Geiger, 1961) . However, Benzo and DeGennaro (1983) proposed a hypothesis that GB may be geared to support the process of myelin formation in the spinal cord. That hypothesis is supported by the evidence that GB contains relatively high levels of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, which metabolically link to fatty acids, lipids, and cholesterol production (Benzo et al., 1975) . Myelin formation in the avian spinal cord begins at about E14 (Geren and Raskind, 1953; Bensted et al., 1957) . Furthermore, the glycogen contents in GB cells increase after E15 (Louis, 1959; Daniel, 1972) . The present study showed that the enzymatic activity of LDH in GB temporarily increased at E14 and that the mRNA of LDH-B was detected in all periods examined. The expression of LDH in GB assumes that lactate is actively catalyzed to the pyruvate used for glycogenesis in embryo GB and might support myelin formation in the spinal cord. Lyser (1973) suggested that GB cells might be thought of as astrocytes with an extreme differentiation. In lower vertebrates, such as reptiles, amphibians, and fish, the combination of LDH subunits is frequently restricted, so that in extreme cases only the homotetramers are formed (Markert and Faulhaber, 1965) . In the present study, we could not detect any LDH-A signals in either the adult or embryo GB. It was recognized that the only isozyme expressed in GB was LDH-1 (B4). The predominance of LDH-B mRNA together with the lack of LDH-A mRNA suggests that GB cells are lactate-consuming cells like neurons rather than astrocytes.
